Abstract: Biodiversity regulates ecosystem functions such as productivity, and experimental studies of species mixtures have revealed selection and complementarity effects driving these responses. However, the impacts of intraspecific genotypic diversity in these studies are unknown, despite it forming a substantial part of the biodiversity. In a glasshouse experiment we constructed plant communities with different levels of barley (Hordeum vulgare) genotype and weed species diversity and assessed their relative biodiversity effects through additive partitioning into selection and complementarity effects. Barley genotype diversity had weak positive effects on aboveground biomass through complementarity effects, whereas weed species diversity increased biomass predominantly through selection effects. When combined, increasing genotype diversity of barley tended to dilute the selection effect of weeds. We interpret these different effects of barley genotype and weed species diversity as the consequence of small vs large trait variation associated with intraspecific barley diversity and interspecific weed diversity, respectively. The different effects of intra-vs interspecific diversity highlight the underestimated and overlooked role of genetic diversity for ecosystem functioning. 
Summary 27
• Biodiversity regulates ecosystem functions such as productivity, and experimental 28 studies of species mixtures have revealed selection and complementarity effects 29 driving these responses. However, impacts of intra-specific genotypic diversity in 30 these studies are unknown, despite it forming a substantial part of the biodiversity. 31
• In a greenhouse experiment we constructed plant communities with different levels of 32 barley (Hordeum vulgare) genotype and weed species diversity and assessed their 33 relative biodiversity effects through additive partitioning into selection and 34 complementarity effects. 35
• Barley genotype diversity had weak positive effects on aboveground biomass through 36 complementarity effects, whereas weed species diversity increased biomass 37 predominantly through selection effects. When combined, increasing genotype 38 diversity of barley tended to dilute the selection effect of weeds. 39
• We interpret these different effects of barley genotype and weed species diversity as 40 the consequence of small versus large trait variation associated with intra-specific 41 barley diversity and inter-specific weed diversity respectively. The different effects of 42 intra-vs. inter-specific diversity highlight the underestimated and overlooked role of 43 genetic diversity for ecosystem functioning. 44 diversity, weeds 48
Introduction 50
Understanding biodiversity's role in regulating key ecosystem functions such as productivity 51 is a major challenge for ecology. Diverse communities can utilise resources effectively and 52 extensively, and can be more productive, resulting in a positive relationship between 53 to synchronise germination. Germinated weeds were transferred to the greenhouse under 127 ambient temperature and daylight conditions for three additional weeks. Barley seedlings 128 were grown at 20/18 °C with a 12-hour day/night regime for only one week prior to 129 transplanting. To ensure standardised arrangement of plants within mesocosms, seedlings 130 were planted in a grid pattern defined by a square wooden frame, with stretched strings 131 dividing the mesocosm surface into 64 equal-sized squares whose centres marked the 132 planting points. For each mesocosm, 60 seedlings were transplanted individually into the 133 square units, with equal proportions of each barley cultivar or weed species in mixtures 134 (detailed below). This ensured a planting density similar to barley crop fields. Plants of each 135 cultivar or species were randomly allocated to grid squares, leaving four empty squares per 136 mesocosm. In mesocosms with all five barley cultivars, different cultivars were identified 137 using colour-coded wire rings secured loosely around the stem base of each barley plant. 138
Mesocosms were monitored twice weekly for plant survival, health and development; here 139 we report final biomass data. To prevent lodging the tops of all barley plants were brushed 140 gently with a wooden stick five times a week for 10 weeks after planting (a technique 141 commonly used when growing cereals in greenhouse conditions). Biomass of volunteer 142 weeds was extremely low (final harvest mean ± SE = 0.15 ± 0.02 g dry mass mesocosm -1 ) 143
and is unlikely to have influenced the much greater biomass (on average 584 times larger) of 144 the barley and experimental weed species considered here. To limit heavy infestations of 145 powdery mildew and aphids, plants were treated with a fungicide (1 ml/l; ALTO 100 SL, 146
Syngenta Crop Protection Inc., Greensboro, USA) and soap solution (10 ml/l; SAVONA, 147 Koppert B.V., AD Berkel en Rodenrijs, NL) at 30 and 80 days to ensure consistent survival 148 of plants across mesocosms and treatments. All plants in each mesocosm were harvested 149 between 100 and 104 days after planting, except Oxbridge and E. helioscopia (harvested at 150 91-95 and 62-66 days, respectively). For each mesocosm, aboveground plant material was 151 removed at the stem base, and separated into species and barley cultivars. experiment we compared, therefore, intra-specific genotype diversity (of barley) with species 165 diversity (of weeds) where the latter also includes an unknown element of intra-specific 166 genotype diversity (as is the case in similar species diversity experiments). Consequently, we 167 interpret the differences in the effects of varying barley and weed diversity as predominantly 168 a consequence of differences in inter-specific diversity, whereas responses in the barley 169 mixture treatments alone represent intra-specific diversity effects. 170
Barley genotypes were chosen to include contrasting weed resistance abilities, based on 171 experimental field plot data (A.C. Newton species richness both varied between zero, one and five (see Table S1 ). Four replicates of 181 each treatment and 18 different species × genotype combinations resulted in 72 mesocosms in 182 total. Importantly, due to space constraints, this design is not fully-factorial: no mixtures 183 contained only a single weed species (i.e. there are no 1B1W and 5B1W combinations). 184
Hereafter we refer to combinations with more than one barley genotype and/or weed species 185 as mixtures, and those with one barley genotype and no weeds, or one weed species and no 186 barley, as monocultures. 187
188

Trait measurements 189
In order to assess trait variation of the mixture components (i.e., the barley cultivars and 190 weed species) we randomly selected five individuals of each weed species or barley cultivar 191 within each of the four 5B5W mesocosms and measured plant height, plant width, biomass, 192 leaf area, specific leaf area (SLA), leaf dry matter content (LDMC) and relative water content7 individuals of the same cultivar or species and mesocosm pooled. These traits were expected 195 to reflect various aspects of the niche of each cultivar and species (sensu Violle & Jiang, 196 2009), such as growth rate, competitive ability and resource use (light, water and nutrients). For each mixture significant negative or positive selection, complementarity and net 249 biodiversity effects (i.e. significant deviations of these scores away from zero) were assessed 250 using two-tailed Student's one-sample t-tests. Comparisons of biodiversity effects between 251 5B, 5W and 5B5W mixtures were conducted using two-tailed Welch two-sample t-tests. 252
Linear mixed-effects models were applied to test relationships between genotype and 253 species richness and selection, complementarity and net biodiversity effects on aboveground 254 mixture biomass. Barley genotype composition was included as a random effect consisting of 255 seven levels (none, Optic, Oxbridge, Sebastian, Tipple, Westminster, mixture). Fixed effects 256 of 'genotype richness' and 'species richness' were assessed using type-II analyses of variance 257
and Wald χ 2 -test statistics. Fixed effect importance was calculated as the product of the slope 258 be assessed as either none or five weed species were present in mixtures. 264
We performed a principal component analysis of the nine traits monitored for the five 265 barley cultivars and the five weed species grown in the 5B5W mixture (Table S2) . Prior to 266
analysis trait values were scaled to unit variance and zero centred because traits were in 267 different units and had different variances. We also applied a Varimax rotation to reduce the 268 number and multi-collinearity of variables. 269
All statistical analyses were performed with R version 2.15.3 (R Core Team, 2013) and 270 nlme (Pinheiro et al., 2013) . 271
272
Results
273
Diversity effects on aboveground biomass 274
Overall, mixtures (110.3 ± 5.4 g mesocosm -1 ) had 41% higher average biomass than 275 monocultures (78.2 ± 8.2 g mesocosm -1 ; F (1,70) = 9.28, P = 0.003). However, no mixture 276 produced as much biomass as the most productive monoculture Stellaria (Fig. 1) . 277
278
Partitioning of biodiversity effects 279
Barley genotype diversity was associated with a marginally significant net biodiversity effect 280 (Fig. 2) , with a 7.9% increase in biomass in the 5B mixture compared to that predicted from 281 monocultures. Although neither selection nor complementarity effects were significant, this 282 tendency towards a positive net biodiversity effect appears to be driven by weak positive 283 complementarity effects (Fig. 2) . 284
Weed species diversity was associated with a significant positive net biodiversity effect 285 driven by a strong selection effect (Fig. 2) , resulting in a 68% biomass increase in the 5W 286 mixture compared to that expected from monocultures. This selection effect was caused by 287 dominance of Stellaria (+184%) and Senecio (+23%) and declines in Euphorbia (-52%), Poa 288 (-73%) and Capsella (-80%). 289 For 1B5W mixtures overall (i.e. pooling data from across mixtures containing different 290 barley genotypes) we found a highly significant net biodiversity effect (t = 5.94, d.f. = 19, P 291 < 0.001). Again, this was driven by a strong selection effect (t = 9.82, d.f. = 19, P < 0.001), 292 with no significant complementarity effect (t = 0.59, d.f. = 19, P = 0.56). Small differences 293 occurred between 1B5W mixture types, indicating that weed species diversity effects 294 depended on the barley genotype present (Fig. 2 , and see Table S2 ). Nevertheless, in nearly 295 all 1B5W mixtures there was a significant or marginally significant net biodiversity effect 296 driven by a significant selection effect (Fig. 2) . The exception to this was the mixture 297 containing the genotype Optic, which showed only a marginally significant selection effect. 298
Overall, the selection effect was driven by increased biomass of Stellaria (176 ± 19%) and 299 barley (27 ± 7%) at the expense of Senecio (-3 ± 12%), Euphorbia (-42 ± 8%), Capsella (-73 300 ± 4%), and Poa (-75 ± 4%). Of the barley genotypes, highest relative mass gain in 1B5W 301 mixtures compared to monocultures was observed for Sebastian (+54%), followed by 302
Oxbridge (+28%), Tipple (+21%), Westminster (+19%), and Optic (+12%). 303
The 5B5W mixture showed a significant positive selection effect and a marginally 304 significant positive net biodiversity effect (Fig. 2) . The selection effect was due to dominance 305
by Stellaria (+211%) and Sebastian (+20%) at the expense of Optic (-4%), Oxbridge (-17%), 306
and 307
Capsella (-86%). The only marginally significant net biodiversity effect may have resulted 308 from the negative, but non-significant, complementarity effect counteracting the positive 309 selection effect. 310 311
Effects of changes in barley genotype or weed species richness on biodiversity effects 312
Although net biodiversity effects and their components (i.e. selection and complementarity 313 effects) for individual barley genotype mixture treatments were not or only weakly 314 significant (as reported above; Fig. 2 ), combining data from across mixture treatments 315
showed that net biodiversity effects in mixtures tended to decrease with increasing barley 316 genotype richness (Fig. 3a, Table 1 ), with smallest net biodiversity effects in 5B mixtures 317 driven by declining trends in both selection (Fig. 3b ) and complementarity effects (Fig. 3c) . 318
Barley genotype diversity impacts on selection and complementarity effects were of similar 319 importance (Table 1) . 320
Net biodiversity effects did not change with changes in weed species richness from 0 to 5 321 (Fig. 3d, Table 1 ), but this hides underlying but counteracting changes in selection and 322 complementarity effects. Selection effects increased with weed species richness (Fig. 3e) , but 323 complementarity effects tended to decrease (Fig. 3f, Table 1 ). Species diversity was more 324 important for selection than complementarity effects. Compared to the effects of barley 325 genotype diversity, weed species diversity was more important for the selection effect and of 326 similar importance for the complementarity effect (Table 1) . 327
The net biodiversity effect (t = 4.03, d.f. = 5.54, P = 0.008) and the selection effect (t = 328 8.87, d.f. = 3.02, P = 0.003), but not the complementarity effect (t = -0.80, d.f. = 5.98, P =0.45) were both significantly greater for 5W compared to 5B mixtures, indicating stronger 330 biodiversity effects by weed species than barley genotypes through stronger selection effects. 331
The 5B5W mixture had significantly larger selection effects compared to the 5B mixture (t = 332 3.28, d.f. = 3.01, P = 0.046), and marginally significantly smaller selection effects than the 333 5W mixture (t = -2.17, d.f. = 5.21, P = 0.080). Net biodiversity and complementarity effects 334 did not differ significantly between 5B or 5W and 5B5W mixtures. This illustrates overall 335 dilution by 5B mixtures of selection effects, for example when combined with five weed 336 species in the 5B5W combination. 337
The random effect 'genotype composition' significantly influenced the response of the net 338 biodiversity, selection, and complementarity effects to changes in species and genotype 339 diversity ( Table 1 ), indicating that these effects differed between barley genotypes (Fig. 2) . 340
341
Trait variation in barley and weed mixtures 342
The trait values summarised in Table 2 indicate lower trait variation among the five barley 343 genotypes compared to the five weed species. This was confirmed with the species scores 344 plotted on the first to third principal components (Fig. 4) (5B) and much reduced under high barley genotype richness in weed species mixtures (i.e. 360 the 5B5W treatment). Net biodiversity effects in intra-specific barley genotype mixtures 361 operated mainly through complementarity effects, which were generally weak and influencedand weed species diversity led to weak complementarity effects, whereas increased species 364 diversity led to strong positive selection effects; intra-specific barley genotype diversity was 365 crucial in modulating the direction and strength of the weed species mixtures' selection 366 effects. 367
368
Effects of intra-and inter-specific diversity 369
Barley genotype (5B) mixtures showed relatively weak positive net biodiversity effects due 370 to weak positive complementarity effects; no single genotype dominated the barley mixtures. The variability in potential performance encompassed by the weed species (5W) mixtures 381 was much higher, with monoculture performance varying by a factor of 17 between Stellaria 382 and Euphorbia. We found a strong positive net biodiversity effect: weed species mixtures 383 produced 78% greater biomass than expected from monoculture yields. This scale of effect is 384 within the average range of species richness effects on productivity found in other studies in 385 natural systems (Cardinale et al., 2007) . The positive biodiversity effect in weed species 386 mixtures can be attributed almost exclusively to a selection effect; the most productive weed 387 species Stellaria dominated the mixture, compensating for productivity declines in less 388 productive species. 389
The proposal that lower trait variability is associated with intra-specific genotype diversity 390 compared to species diversity is supported by examination of the trait space occupied by 391 barley genotypes and weed species (Fig. 4) . They illustrate the much larger trait space 392 volume occupied by the weed species compared to the barley genotypes in 5B5W mixtures. 393
This analysis demonstrates Stellaria's distinct combination of traits (Fig. 4) , including rapid 394 growth and large biomass (Table 2) 
Interaction effects between intra-and inter-specific diversity 407
Positive net biodiversity or selection effects occurred in all weed species mixtures 408 irrespective of the presence and diversity of barley genotypes (i.e. Stellaria dominated in 5W, 409 1B5W and 5B5W mixtures). However, intra-specific diversity of barley influenced this in 410 two ways. 411
First, the direction and strength of the net biodiversity, selection, and complementarity 412 effects were influenced by barley genotype identity in 1B5W mixtures: different barley 413 genotypes created different dominance patterns (see Table S3 )
. Productivity increases in 414
Stellaria and barley (irrespective of genotype) in mixtures generally compensated for 415 declines in productivity by other weed species, but relative mass gains and losses of all 416 mixture components varied considerably. We interpret this as variation in interaction 417 intensities depending on the barley genotype present. Genotype-dependency of inter-specific 418 competition has been widely reported (Taylor & Aarssen, 1990 Second, although increasing barley genotypic diversity did not in itself lead to strong 425 biodiversity effects on community productivity, overall increases in barley genotypic richness 426 tended to dilute selection effects. As barley genotypic diversity increased from 0 to 1 to 5, 427 selection effects -driven mainly by weed species diversity -tended to decline (Fig. 3b) . 428
Previous studies have indicated that intra-specific genotype mixtures can alter biomass 429 compensation patterns of co-occurring species. Crawford & Rudgers (2012) showed thatthe relationship between species richness and community-level productivity was negative or 432 neutral. However, under high Ammophila genetic diversity the relationship became positive. 433
In contrast, increasing barley genotype diversity in our communities had negative effects on 434 relationships between species richness and productivity. We hypothesise that the differences 435 in responses may be related to the dominance of the particular species within which genetic 436 diversity is changing. High genotypic diversity of dominant species (e.g. A. breviligulata) 437 might allow greater niche space occupancy, reduce intra-specific competition, and increase 438 dominance. Therefore, increasing genetic diversity within dominants enhances the selection 439 effect in species mixtures. In contrast, high genotypic diversity of subordinate species (e.g. 440 barley) might reduce community level productivity by reducing the dominance of the most 441 productive species. Therefore, the enhanced overall competitive impact of barley due to 442 increasing genotypic diversity from 0 to 1 to 5 increasingly constrains the selection effect. In 443 summary, enhanced intra-specific diversity promotes positive complementarity effects 444 through niche differentiation, in turn increasing or reducing selection effects in species 445 mixtures depending on the dominance of the species within which genetic diversity increases. 446
Few studies are available to test this tentative mechanism, but it seems plausible and 447 represents an interesting future research target. 448
Enhanced weed species richness had the opposite effect to barley genotype richness, 449 significantly increasing selection effects (Fig. 3e) . This contrast is crude, as weed species 450 richness was 0 or 5 (meaning that weed species were either all absent or all present in 451 mixtures), but demonstrates the limited potential for selection effects when the mixture 452 contains only intra-specific diversity (5B mixtures). Both barley genotype and weed species 453 richness were associated with trends toward declining complementarity effects (Fig. 3c,f) . 454
Net biodiversity effects are the sum of selection and complementarity effects. The 455 consequence is that with increasing barley genotype richness there is a trend toward a decline 456 in net biodiversity effects (Fig. 3a) , whereas with increasing weed species richness there is no 457 change in net biodiversity effects as the positive effects of weed species richness on selection 458 effects, and its negative impact on complementarity effects, cancel each other out. 459
In conclusion, even though intra-specific genotype diversity had weak direct effects on 460 community-level productivity, it had significant indirect effects by modulating the species 461 diversity-productivity relationship. This indirect effect mainly causes a change in the 462 dominance patterns of the co-existing species, observable as a change in the selection effect 463 of species diversity on productivity. 464
Trait-based approach to biodiversity effects 466
The net effect of inter-specific diversity on productivity was about eight times higher than 467 that of intra-specific genotype diversity, the main difference being strong, positive selection 468 effects in species mixtures. Intra-specific diversity had weak effects on productivity, acting 469 mainly through complementarity effects (see also Cook-Patton et al., 2011) . Here, we 470 propose a functional trait-based framework that explains different effects of intra-and inter-471 specific diversity, and between-study differences in the magnitude of biodiversity effects, as 472 well as temporal changes in the size of biodiversity effects. Trait-based approaches 473 successfully explain biodiversity effects in species mixtures (Loreau, intra-specific diversity on productivity, and we propose that genotypes and species may have 476 complementary effects on productivity through complementarity and selection effects 477 respectively. 478
Intra-specific trait variability is generally smaller than inter-specific variation ( showed a relatively small trait range despite being selected for distinctive weed-competitive 485 traits (Fig. 4) . This may explain their weak complementarity effects. 486
As trait variation increases, for example switching from genotype to species mixtures, 487 selection effects are more likely (Loreau, 2000) . Our dominant species, Stellaria, has 488 relatively unique traits (Fig. 4) , appearing to promote its dominance in mixtures. This leads to 489 compensatory effects on co-occurring species and ultimately a selection effect. The selection 490 effect is therefore likely important for net biodiversity effects in multi-species communities. 491
As with complementarity effects, the magnitude of selection effects will co-vary positively 492 with trait variation (Cadotte et al., 2009; Roscher et al., 2012) . 493 We propose, therefore, that the relatively small trait variation associated with intra-494 specific diversity is the main driving force behind complementarity effects (in both genotype 495 mixtures and in species mixtures that include intra-specific genetic diversity), whereas the 496 relatively large trait variation associated with inter-specific diversity leads to selectionvariation is similar between barley and most of the weed species (Table S4 ). This confirms 500 that the increased trait variation we observed in weed species mixtures as opposed to barley 501 genotype mixtures predominantly results from enhanced inter-rather than intra-specific 502 diversity. effects are driven mainly by between-species differences of species mixtures, this will be 507 stable if species diversity is maintained. By contrast, the same studies demonstrate temporal 508 increases in complementarity effects. As intra-specific genetic diversity and composition of 509 these experimental assemblages is very likely to change over time due to genetic drift and 510 selection (Nestmann et al., 2011) , we propose that these changes are responsible for temporal 511 increases in complementarity effects in natural systems. 512
The weaker complementarity compared to selection effects in our study may therefore be 513 partially due to its short duration preventing genetic diversification or drift in the 514 experimental communities. This could also explain the absence of transgressive over-515 yielding, a phenomenon thought to arise due to temporally-increasing complementarity 516 intra-specific genotype diversity may affect productivity through complementarity effects, 534 whereas between-species differences promote selection effects on productivity. We propose, 535 using a trait-based framework, that limited trait variation associated with within-species 536 genetic diversity is responsible for the complementarity effects in diversity-productivity 537 studies. In contrast, wider trait variation associated with between-species diversity drives 538 selection effects whereby some species dominate and suppress subordinate species. We also 539
propose that the direction and strength of selection effects are likely driven by genetic and 540 phenotypic variation within dominant versus subordinate species and their corresponding 541 complementarity effects. Strong complementarity effects within dominant species will 542 increase selection effects, and complementarity effects among subordinate species will 543 reduce them. These findings indicate the crucial importance of intra-specific genetic diversity 544 for ecosystem functioning and the necessity to account for genetic diversity in studies of 545 biodiversity effects on ecosystem functions. Table 2 . Trait values (mean ± 1SE) of nine traits measured for the five barley cultivars and five weed species in the 5B5W mixture mesocosms. 746 n = 4 (except Poa and Euphorbia, where n = 2 and n = 3 respectively due to mortality). 
